Nucleases are an important group of hydrolases that degrade nucleic acids, with broad spectrum of applications in science and industry. In this paper, we report the identification and characterization of the nuclease from extremely psychrophilic bacterium Psychromonas ingrahamii that grows exponentially at 5 °C, but may also grow at even lower temperatures (down to − 12 °C). The putative endonuclease I gene, identified in the genome of P. ingrahamii, was cloned and expressed in Pichia pastoris. The recombinant protein was purified and its nucleolytic features were studied. The new enzyme, named by us as PinNuc, displays the features characteristic for the nonselective endonucleases, and has the ability to degrade different forms of nucleic acids. It is very active at room temperature in low ion-strength buffer and in the presence of low concentrations of magnesium ions. The enzyme, which possesses six cysteine residues, the most likely all engaged in disulphide bridges, is active only in oxidized form, and can be efficiently inactivated by the addition of low amounts of a reducing agent. According to our knowledge, it is the first nuclease, belonging to endonuclease I family, isolated from such extremely psychrophilic organism.
Introduction
The biggest part of the Earth's biosphere, accounting for approximately 85%, is the psychrosphere, with temperatures below 5 °C [1] . This is also the least studied part of it, especially when it comes to the microorganisms inhabiting the cold regions. The obvious reason is the difficulty involved in their acquisition. These organisms are, however, very interesting due to the unique mechanisms they evolved to survive in such extreme conditions [2] . Apart from strictly scientific, industrial and commercial interests also fuel new discoveries in the field of cold-adapted, bioactive compounds [3, 4] . The psychrophilic enzymes are currently utilized as biocatalysts in many biotechnological processes related to food processing, detergent production, biotransformation, and other [3, 5] . Due to growing demands for new, effective, and, most of all, environment-friendly biotechnological processes (socalled "Next Generation Industrial Biotechnology" [6] ) the interest in extremophiles, especially psychrophiles, is also growing.
The utilization of cold-adapted enzymes makes it possible to reduce the costs of the biotechnological processes as a result of the lower energy consumption involved [7, 8] . Moreover, the unique features of these enzymes, such as their activity at low temperatures, broaden their range of applications. This is extremely important in the case of nucleases, as it will allow their utilization for the elimination of nucleic acids from thermosensitive preparations. Nucleases are very important enzymes belonging to the group of hydrolases that degrade nucleic acids [9] . Due to their substrate specificity, nucleases are valuable biotechnological tools, with a potentially very broad spectrum of applications, not only in laboratories, but also on an industrial scale, especially in the modern pharmaceutical industry [10] . The production and purification of a nuclease from psychrophilic organisms will permit its application as a very valuable molecular biology tool. Currently, there is one commercially available nuclease isolated from a psychrotrophic Shewanella sp. strain AC10 [11] called Cryonase™ (Takara, Japan), one obtained from mesophilic bacterium Serratia marcescens (Benzonase ® ; Merck) and one of unrevealed origin (HL-SAN; Heat-Labile Salt Active Nuclease; ArcticZymes). Apart from those, there are also other endonucleases with a broad substrate activity, isolated from psychrophilic, psychrotolerant, and mesophilic organisms described in the literature [12] [13] [14] [15] [16] [17] .
In this paper, we describe cloning, expression, purification and biochemical characterization of a new nuclease from extremely psychrophilic bacterium Psychromonas\ ingrahamii. P. ingrahamii belongs to the Gammaproteobacteria, Psychromonadaceae family and was first isolated in 1991 from a sea ice core collected in Alaska, USA [18, 19] . The bacterium lives in a neutral habitat with optimal pH range from 6.5 to 7.4, sodium chloride concentrations of 1 to 10%, and at temperatures of − 12 to 10 °C. The optimal growth temperature is 5 °C with no growth observed above 15 °C [20] . P. ingrahamii was also shown to be able to proliferate at − 12 °C, which is the lowest temperature noted for any organism [19] . The genome of P. ingrahamii is approximately 4.5 Mb and the G+C content reaches 40% [21] . The phylogenetic analysis of the 16S rRNA gene sequence shows that the bacterium is closely related to the psychromonas type [20] .
The PinNuc enzyme was obtained in Pichia pastoris, purified to homogeneity, and its activity tested on a range of substrates representing different forms and types of nucleic acids. The obtained results allowed to ascribe the PinNuc to the endonuclease I-type family of nucleases with a broad spectrum of activity. The enzymes show similar low-substrate selectivity, high activity at low to moderate temperatures, and can be efficiently deactivated by the addition of a reducing agent. The reported nuclease is expected to extend the available portfolio of cold-adapted bioactive compounds with good prospect in its application in molecular biology, and biotechnological industry, as well as an alternative to its analogues already available on market.
Materials and Methods

Bacterial Strains, Plasmids, Enzymes and Reagents
Psychromonas ingrahamii 37 (DSM 17664) was purchased from The Leibniz Institute DSMZ (German Collection of Microorganisms and Cell Cultures, Germany). Genomic sequence for this strain is available in the GenBank (accession no. CP_000510). The Escherichia coli TOP10 (Invitrogen, USA) was used for genetic constructions. P. pastoris GS115 (Invitrogen, USA) was used for gene expression. The pGAPZαB plasmid (Invitrogen, USA) was used for constructing the expression system. The reagents for PCR were obtained from A&A Biotechnology (Poland) and Blirt S.A. (Poland). Specific primers were purchased from Sigma-Aldrich (Poland). The restriction enzymes were purchased from NEB (USA).
Construction of the Expression Plasmid
Genomic DNA from P. ingrahamii 37 was extracted using the ExtractMe DNA Bacteria Kit (Blirt S.A./DNA-Gdańsk, Poland). The specific primers for PCR amplification were designed, and synthesized on the basis of the known nuclease gene sequence from P. ingrahamii. The forward primer was PinNucXhoI 5′ GGA GGA CTC GAG AAA AGA ATG GCT GGC AAC ACC ACC AAG GA (41 nt containing a XhoI recognition site, ATG start codon, italicized) and reverse primer-5′ GGA TTA TCT AGA TTA CCA TAA CCC TTT ATC CGT ACATC (38 nt containing a XbaI recognition site, UUA stop codon, italicized). The boldface parts of the primers' sequences are complementary to the nucleotide sequences of the nuclease gene, whereas 5′ overhanging ends of primers contain recognition sites for restriction endonucleases (underlined) and are designed to facilitate cloning. The PCR reaction solution consisted of 0.2 µg of P. ingrahamii 37 genome DNA, 1 µl (10 µM) of each primer, 2.5 µl (10 mM) dNTPs, 1 µl (25 mM) MgCl 2 , 2.5 µl of 10 × PCR buffer (200 mM Tris-HCl, pH 8.8, 100 mM KCl, 100 mM (NH 4 ) 2 SO 4 , 1% Triton X-100) and 2U Pwo DNA polymerase (Blirt S.A., Poland). 30 cycles were performed using the Veriti ® 96 Well Thermal Cycler (Applied Biosystems, USA), with a temperature profile of 30 s at 94 °C, 30 s at 55 °C and 30 s at 72 °C. The amplification products were analyzed by electrophoresis on 1% agarose gel stained with ethidium bromide. Specific, approximately 705 bp, PCR products were identified and purified using the ExtractMe Gel-Out Kit (Blirt S.A., Poland). The PCR product was digested with XhoI and XbaI (NEB, USA), purified using an ExtractMe Clean-Up Kit (Blirt S.A., Poland) and ligated into pGAPZαB plasmid (Invitrogen, USA) between the XhoI and XbaI sites. The E. coli TOP10 cells were transformed with the ligation mixture and 30 colonies were examined for the presence of the nuclease gene from P. ingrahamii, using a gel retardation assay and restriction analysis. One clone was selected and sequenced to confirm the presence of the target gene.
Protein Sequence Analysis
PinNuc amino acid sequence was analyzed using the online available resource BLAST [22] . Sequence alignments were performed with ClustalX software, using a PAM 500 scoring matrix. The visualization and rendering of the results was performed using ESPript 3 [23] .
Yeast Transformation and Expression
Pichia pastoris GS115 strain was grown in an yeast extract peptone dextrose (YPD, 1% yeast extract, 2% peptone, 2% dextrose) medium and prepared for transformation. 10 µg of plasmid DNA was linearized using an AvrII restriction enzyme and then transformed into P. pastoris cells by electroporation. After incubation for 3 h at 30 °C in 1 M sorbitol without agitation, cells were plated in the YPD Zeocin agar medium (100 µg zeocine/ml, 2% agar) to screen for the integration of the transformed gene into the GAP region of the host chromosomal DNA. The positive transformants were identified by direct PCR screening.
Transformants were grown in a shaking (200 rpm) culture at 30 °C to an optical density at 600 nm (OD 600 ) between 5 and 6. Optimal levels of expression were determined for each recombinant system and, after the optimal time of growth giving the highest protein expression, the cells were harvested by centrifugation (15 min, 5000×g). The cell-free supernatant was analyzed and purified.
Purification of the Recombinant Protein PinNuc
All purification procedures were carried out at 4 °C. The clear culture filtrate, obtained after centrifugation of a growth culture as described above, was brought to 30% saturation by the addition of solid ammonium sulfate. The precipitate was removed by centrifugation (30 min, 10,000×g). Further addition of ammonium sulfate to the supernatant to a 70% saturation resulted in precipitation of the enzyme which was collected by centrifugation (30 min, 10,000×g) and dissolved in 20 mM Tris-HCl, 0.5 M NaCl, and 20% glycerol (pH 8.0) buffer. The recombinant protein was purified using Ni 2+ affinity chromatography. The supernatant containing PinNuc was loaded directly onto an HisBind Column (2 ml, Novagen, USA), previously equilibrated with 50 ml of buffer A (20 mM Tris-HCl pH 8.0, 0.5 M NaCl, 5 mM imidazole, and 20% glycerol). The PinNuc was eluted with a 5-300 mM linear imidazole gradient. The eluted fractions were analyzed, collected, and dialyzed to 20 mM Tris-HCl (pH 8.0), 20 mM NaCl, and 50% glycerol buffer. The purity of the PinNuc fractions was assessed using SDS-PAGE. Pure protein, obtained after metal-affinity chromatography, was dialyzed against 20 mM Tris, pH 7.5, 20 mM NaCl, and 50% glycerol buffer, concentrated using Amicon Ultra Centrifugal Filter Unit (MWCO 10 kDa, Millipore) and stored at − 80 °C.
Optimization of the Reaction Conditions
The optimization of the conditions ensuring the best performance of the obtained enzyme was performed using the genomic DNA isolated form E. coli (ExtractMe DNA Bacteria Kit, Blirt S.A., Poland). Isolated DNA (200 ng/µl) was subjected to the hydrolysis by the nuclease (1 µl, 1 µg/ml) in the buffers of varying composition. The volume of the reaction mixture was 20 µl.
The following parameters were optimized: Apart from the reactions aiming at determination of the optimal temperature, all reactions were carried out at 30 °C for 30 min. To check the progress of the reaction, the absorbance of the reaction mixture at 260 nm wavelength and the DNA concentration in the sample were measured using NanoDrop instrument (Perkin Elmer, Lambda Bio).The relative activity of the enzyme was calculated using the following equation:
where c 0 is the initial DNA concentration in the sample and c k is DNA concentration in the sample after incubation with PinNuc nuclease at given experimental conditions.
The reaction products were also separated using electrophoresis on 1% agarose gel run in Tris-acetate-EDTA (TAE) buffer. DNA fragments were visualized using ethidium bromide under UV light and the obtained images were digitalized using an in-house build gel-doc system.
Thermostability and DTT Sensitivity
The stability of the enzyme was checked by incubating the protein at different temperatures and times. PinNuc was
incubated at temperatures ranging from 30 to 99 °C during 5 to 60 min. After each denaturation, an activity test was performed using the optimal conditions for DNA hydrolysis established in earlier experiments. Briefly, 77 ng of pUC19 plasmid (amplified and isolated from in E. coli using ExtractMe Plasmid DNA Kit, Blirt S.A., Poland), was digested at 30 °C for 30 min in reaction buffer consisting of 50 mM Tris-HCl pH 7.5 and 4 mM MgCl 2 . The hydrolysates were separated using electrophoresis on 1% agarose gel run in TAE buffer. DNA fragments were visualized using ethidium bromide (1 µM) under UV light and the obtained images were digitalized using VersaDoc molecular imager system (Bio-Rad).
To test the effect of the reducing agent addition on the enzymatic integrity of the studied enzyme, dithiothreitol (DTT) at 1 mM and 5 mM was added to the PinNuc solution and the mixture was incubated at 99 °C for a given time period followed by the performance of an activity test as described above. In another approach, the enzyme solution was incubated in the presence of 1 mM DTT for 15 min at varying temperature conditions.
Substrate Specificity
The substrate specificity of the PinNuc enzyme was examined using various forms of deoxynucleic acid and ribonucleic acid. The reactions were carried out at previously optimised conditions and the hydrolysates were analysed as described above. Briefly, 200 ng of pUC19 plasmid (amplified and isolated from in E. coli using ExtractMe Plasmid DNA Kit, Blirt S.A., Poland) or 200 ng of genomic DNA (amplified and isolated form E. coli using ExtractMe DNA Bacteria Kit, Blirt S.A., Poland) or RNA (amplified and isolated form E. coli using GeneJET™ RNA Purification Kit, Thermo Scientific, USA) were digested with 0.01, 0.1 and 1 pg of PinNuc at 30 °C for 30 min in reaction buffer consisting of 50 mM Tris-HCl pH 7.5 and 4 mM MgCl 2 . The volume of the reaction mixture was 20 µl. After electrophoretic separation, the obtained products were visualized using ethidium bromide (1 µM) under UV light. Additionally, short DNA fragments, both double and single stranded, were digested with PinNuc nuclease at 30 °C for 30 min, analysed using 4% agarose gel electrophoresis and visualised as above. ssDNA substrate 5′-F-GAA CCA AGT ATT CCT CAT CGG CAC CCT GAC CGC CCG CCCC (where F stands for 6-FAM) and poly-thymidine oligonucleotides used for preparation of the size marker, derivatized with fluorescein derivative, were custom-synthesised by Sigma-Aldrich, Poland. ssDNA marker was prepared by mixing 1 µl of 10 µM solutions of fluorescently labelled (5′-end) poly-thymidine oligonucleotides composed of 10 (dT10), 20 (dT20), 30 (dT30) and 40 (dT40) nucleotides and loaded directly on the gel. dsDNA substrate was prepared as follows: 10 µM solutions of oligonucleotides Stab1 (5′-GAA CCG GAG GAA  TGA TGA TGA TGA TGG TGC GGT TTG TCG GAC GG) and  Stab2 (5′-CCG TCC GAC AAA CCG CAC CAT CAT CAT CAT  CAT TCC TCC GGT TC) were mixed in 1:1 ratio and incubated at 95 °C for 2 min. Next, the mixture was allowed to slowly cool down to room temperature (ca. 45-60 min) to yield hybridized dsDNA ready for enzymatic reaction.
Results
PinNuc Protein Sequence Analysis
The P. ingrahamii 37 genome was sequenced and deposited in the GenBank database by Copeland and co-workers in 2006 [accession number: CP000510.1]. The analysis of the P. ingrahamii 37 genome suggested the presence of a gene encoding putative endonuclease I-type nuclease (HNH endonuclease [21] ). The enzyme, named by us as PinNuc, was chosen as the subject of our studies. On the basis of the gene analysis, it was determined that the PinNuc protein is composed of 256 amino acid residues and has an estimated size of 29.5 kDa. The comparison of the amino acid sequence of the PinNuc protein to other proteins from this family revealed moderate sequence identities and similarities. The closest homologues seem to be enzymes from V. vulnificus (36% identity, 52% similarity) and V. salmonicida (36% identity, 51% similarity), both of psychrophilic origin. The most striking difference is the presence of the 13 amino acids long insert in the middle part of protein sequence, where, in most of homologous nucleases, helix 4 is observed (Fig. 1 ).
An essential element of the comparative analysis of the amino acid sequence is the verification of preserved sites, with important amino acid residues, responsible for performing specific functions of the enzyme. In the case of analysed endonucleases, the essential characteristic features include: the presence of four disulphide bridges, histidine as a general base necessary to activate a water molecule for subsequent phosphate bond hydrolysis, and amino acid residues responsible for binding divalent ions [24] .
The analysed sequence was first checked for the presence of conserved domains responsible for the catalytic function of the protein. As it can be seen in Fig. 1 , the conserved amino acid motif EWEH, containing two essential residues: metal-binding aspartic acid and catalytic histidine located next to each other, is present in the studied protein in positions 90 (Glu) and 91 (His), respectively. Arginine residue (Arg99 in the nucleases of Vibrio origin), suspected to stabilize the hydrolysis product, is separated by the aforementioned insert, but can be also found in the PinNuc sequence in position 123 (Table 1) .
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Another important residue, also involved in metal coordination, i.e., asparagine in position 127 (Vvn numbering), in PinNuc is substituted by lysine, which cannot provide proper coordination for Mg ion (Fig. 1) . Therefore, it has to be expected that the metal-ion coordination sphere must be formed differently. Three-dimensional structure of the enzyme is necessary to solve this problem.
The number of disulphide bridges in PinNuc, comparing to other nucleases, is reduced to three. Only first Cys-Cys bond connecting the N-and C-terminal parts of protein, and the fourth one, located at the very C terminus, seem to be preserved. Additional disulphide bridge can be found in the insert mentioned above, probably stabilizing a putative loop structure (Table 1 ). The reduced number of disulphide bridges might provide greater protein flexibility at lower temperatures, which is a desirable feature [25, 26] .
The Cloning, Expression and Purification of PinNuc
The endonuclease gene from the P. ingrahamii was cloned into pGAPZαB plasmid. The resulting construct was inserted into P. pastoris GS115 yeast cells, in which an efficient expression of the PinNuc protein was obtained. The presence of the protein was confirmed by the SDS PAGE analysis (Fig. 2a) . The optimum expression time was established to be up to 5 days, because longer yeast culturing led to decrease in the recombinant protein content, most likely due to its degradation. The P. pastoris overexpression system, applied to the studied protein allowed for obtaining of up to 1 mg of PinNuc nuclease from 1000 ml of culture.
Optimization of the Enzymatic Reaction Condition
Nucleases hydrolyse the phosphodiester bond of nucleic acids. The presence of divalent metal ions is necessary for the nucleic acid hydrolysis reaction for majority of nucleases [9] . Therefore, as a first factor, we decided to check the metal ion-dependency of the PinNuc nuclease activity. The efficiency of DNA digestion in the function of Mg 2+ -, Mn 2+ -and Ca 2+ -ion concentration was examined (Fig. 3) .
The reaction was carried out for 30 min at 30 °C in the Tris buffer, pH 7.5. The buffer and pH value for the initial experiments aiming at the optimization of the PinNuc nucleolytic activity were based on the data for analogous, psychrophilic enzyme Cryonase™ [11] . The experiment was carried out by supplementing the reaction mixture with selected divalent ion in amounts ranging from 0 to 256 mM. The obtained results show unambiguously that the PinNuc nuclease shows the highest activity at low concentrations of divalent ions. The highest levels of substrate digestions were observed upon addition of low (up to 10 mM) metal ion concentrations. A digestion level Table 1 Positions of amino acid residue characteristic for nucleases endonuclease I type a Based on the sequence homology analysis in Fig. 1 b Conserved, based on the sequence homology analysis in Fig. 1 c New, based on the sequence homology analysis in Fig. 1 Nuclease Vch V. cholerae 2G7E, 2G7F [14] Glu79 Asn127 His80 Arg99 Cys44-Cys149 Cys46-Cys62 Cys93-Cys102 Cys207-Cys228
Vvn V. vulnificus 1OUO, 1OUP [13] Glu79 Asn127 His80 Arg99 Cys44-Cys149 Cys46-Cys62 Cys93-Cys102 Cys207-Cys228 -affinity chromatography step of 100% was obtained by addition of low concentrations of magnesium chloride. Under the same conditions (temperature and time of digestion) and in the presence of Mn 2+ , a maximum of 70% degradation of nucleic acids was obtained, while when calcium ions were added-only about 50% of the DNA was hydrolysed (Fig. 3a) .
To determine the exact magnesium concentrations necessary to perform the most effective reaction, a more accurate experiment was carried out. In this assay, lower concentrations of Mg 2+ ions, ranging from 0 to 16 mM, were tested. PinNuc displays the highest enzymatic activity in the presence of Mg 2+ ions at a concentration of 4 mM (Fig. 3a,  insert) . This value was used for the subsequent experiments.
The structure of nucleases and the mechanism of nucleic acids hydrolysis are very diverse and complex. A contribution of metal ions is required to obtain complete protein activity, as shown in the above experiment. Apart from the divalent ions, intuitively expected to be necessary in reactions involving nucleic acids, monovalent cations such as sodium and potassium, routinely used in buffers to maintain proper ionic strength, might also have an impact on enzyme activity [27] . Therefore, in the following experiment, we tested the impact of the addition of Na + and K + on the efficiency of DNA digestion by PinNuc nuclease (Fig. 3b) .
The obtained results indicate that the enzyme efficiently digests nucleic acids in the presence of low concentrations of monovalent ions. The higher the concentration of Na + and K + in the reaction mixture, the lower the efficiency of DNA hydrolysis by PinNuc. It was also noted that even very high concentrations of monovalent ions do not inhibit completely protein activity. Based on the obtained results, we decided to omit the addition of monovalent ions to the reaction mixtures.
The enzyme activity depends also on the pH of the buffer in which the reaction is carried out [28] . Therefore, the dependency of DNA digestion by PinNuc of the pH of the reaction buffer was examined. The obtained results (Fig. 3c ) indicate that PinNuc nuclease shows an activity over a broad pH range (4.0-9.0). In slightly acidic buffer (pH 4.0), the enzyme activity is moderate and does not exceed 40% of the maximum value. The activity increases with the increase of the pH of the buffer, reaching the maximum at pH 7.5. Further change of the pH towards more alkaline leads to the decline in enzyme activity (Fig. 3c) . At pH 9.5, complete inhibition of the enzyme was observed. Based on the obtained data, a pH value 7.5 of the reaction that was chosen for initial experiments was proper and can be used in further analyses. Therefore, the optimum reaction buffer composition was determined as follows: 50 mM Tris-HCl, pH 7.5, and 4 mM MgCl 2 .
Effect of Temperature on PinNuc Activity. Inactivation of the Enzyme
An important element in optimising the conditions of nuclease digestion of DNA is to determine the temperature range in which the protein displays the highest activity. All above experiments were performed at a temperature of 30 °C, which was selected based on the manufacturer suggestions for analogous psychrophilic enzyme, Cryonase™. It is, however, worth checking if this temperature is indeed also optimal for our enzyme, and the temperature dependence of the PinNuc nuclease activity itself.
The results of this experiment revealed that, under the optimal buffer conditions of DNA hydrolysis (50 mM Tris-HCl pH 7.5, and 4 mM MgCl 2 ), PinNuc nuclease completely digests DNA at a wide range of temperatures (15-45 °C) (Fig. 4a) . With the aim to capture the difference in digestion, the protein preparation was diluted, and an activity test was carried out. An eightfold dilution allowed for observation of a difference in the level of DNA digestion. As the temperature rises from 15 to 35 °C, so increases the level of DNA digestion. The most effective digestion is observed at 35 °C. Further increase of the temperature (to 40, 45 and 50 °C) leads to slight decrease in the digestion efficiency and quality (Fig. 4b) .
The activity of PinNuc at low temperature regimes was also tested and it was observed that it is able to digest DNA at temperatures as low as + 4 °C (data not shown).
Even though the PinNuc nuclease is intended to work at lower temperature regimes, its thermostability does not seem to be a critical feature, the temperature can be used for its deliberate inactivation after the completion of its task in the reaction mixture. For many nucleases active at ambient temperatures (around 37 °C), for example restriction enzymes, heat inactivation is a convenient method for stopping the enzymatic reaction. For enzymes that are heatinsensitive (for example, RNAse A), external compounds (metal ions chelators, reducing agents, denaturants, DEPC, specific inhibitors) must be added, or the enzyme removed physically, using either chromatography mini-columns, electrophoresis or extraction. For an enzyme originating from a psychrophilic organism, heat inactivation can be expected. For example, close analogue of the PinNuc nuclease, Cryonase™, can be completely inactivated after a 30-min incubation at 70 °C [11] .
The thermostability analysis of the PinNuc protein was performed in two approaches. In the first one, the enzyme was incubated at 99 °C for 5, 15, 30, 45 and 60 min, and the activity test at previously optimized conditions was performed. This experiment showed that the PinNuc protein is thermally very stable, and only after 60 min of incubation at 99 °C loses its activity (Fig. 4c) . The possibility of protein inactivation is extremely important to stop the DNA hydrolysis reaction in a controlled manner. The obtained result was, therefore, not very promising in this context.
In the next step, enzyme stability was tested upon addition of DTT at various concentrations and subsequent incubation at 99 °C. The experiment was carried out simultaneously for two reducing agent concentrations: 1 mM and 5 mM. The obtained results revealed that addition of DTT at a low concentration (1 mM) completely deactivates PinNuc enzymatic activity after a short (20 min) incubation at a high temperature (data not shown).
Since the addition of the reducing agent significantly alters the protein activity, it seemed reasonable to check the temperature dependence of this phenomenon. Therefore, in the next experiment, 1 mM of DTT was added to the preparation, the incubation temperature was lowered, and the denaturation time was reduced. The efficiency of the nuclease inactivation at these conditions was tested using a standard activity test. This experiment showed that incubation at 50 °C inactivates the protein in about 90%. Raising the temperature to 55 °C causes complete inactivation of the nuclease (Fig. 4d) . Control experiment, carried out without the addition of 1 mM of DTT, confirmed that the observed effect is solely imposed by the presence of reducing agent (data not shown). In conclusion, it can be stated that PinNuc nuclease activity can be very effectively controlled by the addition of a reducing agent and short incubation at a slightly increased (as compared to the enzymatic reaction conditions) temperature.
Substrate Specificity the PinNuc Nuclease
To avoid an unwanted or uncontrolled degradation reaction of DNA and RNA in cells, nuclease activity must be strictly regulated by the specific nature of the substrate, limited location, or strong inhibitors. To check the substrate specificity of PinNuc nuclease, different forms and types of nucleic acids were tested. The digestion efficiency of genomic DNA, plasmid DNA, ssDNA, RNA and the PCR product was examined (Figs. 5a-d, 6a, b) .
The obtained results indicate that, similarly to other nucleases belonging to the endonuclease I family, PinNuc also does not show distinct substrate specificity. It recognizes and efficiently digests both types of nucleic acids as well as different forms of them. The cleavage is unspecific and yields short fragments that either form long smears or elute from gels (with lower agarose concentration). Application of more dense gels (4%) and digestion of fluorescently labelled substrate (Fig. 6a, b) allowed to estimate that these fragments might be shorter than 8-10 nucleotides. The obtained nuclease seems to be more efficient in the digestion of genomic, dsDNA than ssDNA (Fig. 6 ).
Discussion
The experiments presented in this study concern cloning, expression, purification, and characterisation of a nuclease from an extremely psychrophilic strain P. ingrahamii. Currently, three nucleases that degrade all forms of nucleic acids are commercially available, namely Cryonase™ obtained from the psychrotrophic strain Shewanella sp., Benzonase ® from the mesophilic organism S. marcescens and HL-SAN of unrevealed origin. Our results have the potential to extend this collection by the addition of a homologous enzyme from a psychrophilic organism.
The gene encoding putative endonuclease I was integrated with DNA of P. pastoris, efficiently expressed and purified to homogeneity. It is worth to mention at this point that we have initially tried to obtain PinNuc nuclease using prokaryotic expression system (E. coli BL21(DE3), E. coli BL21(DE3)pLysS, E. coli Rosetta(DE3), E. coli Rosetta(DE3)pLacI, E. coli Artic Express) but the expression was inefficient due to either low periplasmic expression levels or difficulties with protein purification and refolding Analysis of the nucleotide sequence of the PinNuc protein indicated the presence of a domain characteristic for the nonspecific endonucleases from family I [21] , found in mesophilic and psychrophilic microorganisms. These nucleases are periplasmic or secreted enzymes known to non-specifically degrade both RNA and DNA by hydrolysis of the bond between the 5′-phosphate and 3′-sugar moiety, generating short oligonucleotide fragments [24] . Subsequent cloning end expression of this gene yielded protein consisting of 256 amino acid residues with the molecular mass of approximately 29.5 kDa, which was confirmed by electrophoresis. Amino acid analysis and alignment with the most typical nucleases from this family (Vvn from V. vulnificus, Vch from V. cholerae, Vsa from V. salmonicida, as well as commercially available Cryonase™) obtained from mesophilic or psychotropic microorganisms revealed moderate (ca. 50%) sequence similarity. The differences in the amino acid composition most likely arise from the adjustment of the P. ingrahamii to its natural habitat which is more extreme (temperature-wise) than that for other psychrophilic organisms. As it was already mentioned, P. ingrahamii it not only able to survive but also can proliferate at temperatures below − 10 °C, which is the lowest observed temperature for any organism. Therefore, it might be expected that the bacterium had to adapt to such a feature, for example, by optimizing the composition of its proteins (and other biomolecules) [29, 30] . Regardless of the differences, the most important domains, responsible for the catalytic activity of the enzyme, are conserved in PinNuc.
PinNuc has the ability to degrade all forms of nucleic acids (Figs. 5, 6 ). The enzyme hydrolyses DNA and RNA to small fragments. An amount of 1 µl of PinNuc protein at a concentration of 1 µg/ml completely degrades 200 ng of genomic DNA in 30 min. Larger protein dilutions (× 10 − 4 ) do not inhibit the activity, but only reduce the digestive efficiency to about 80%. The protein is active in a wide range of temperature conditions, although it operates most effectively in the range of around 35 °C. Optimal conditions for hydrolysis of nucleic acids by PinNuc were established and they require the presence of 4 mM Mg(II) ions and buffer at pH 7.5. These conditions are, therefore, similar to those recommended for commercial nucleases.
The tested enzyme is exceptionally thermally stable. Incubation of the protein at a temperature of 99 °C for a duration of 45 min does not completely inhibit its activity. This is a rather remarkable feature, considering the origin of this enzyme. Other nucleases can be inactivated by heating to 70 °C for 30 min (Cryonase™ [11] ) or by addition of external compounds such as denaturing agents, chelators, monovalent cations, or phosphate ions (Benzonase ® ). PinNuc protein, on the other hand, can be completely deactivated by incubating the preparation for 15 min at 55 °C in the presence of 1 mM of DTT. This is a very interesting feature, providing an alternative to already-known enzymes of this type (Cryonase™ is reported to withstand DTT Fig. 6 Digestion of short DNA forms with PinNuc nuclease. DNA samples (dsDNA and ssDNA) were digested with varying concentrations of PinNuc nuclease at 30 °C for 30 min. 20 µl of each sample was next analyzed using 4% gel electrophoresis in TAE buffer in the presence of 1 µM ethidium bromide concentration up to 167 mM, whereas Benzonase ® -up to 100 mM). PinNuc can, therefore, be a very attractive tool in molecular biology and genetic engineering. Possible application of PinNuc may include, but do not need to be limited to, purification of protein preparations from nucleic acids at every stage of their preparation without affecting their performance, decreasing the viscosity of protein preparations, removal of genomic DNA or RNA or removal of the DNA template from the PCR reaction.
Research on the PinNuc protein will continue in the future. The potential applications of the enzyme in the biotechnology and pharmaceutical industry, in the PCR reaction, in bi-directional electrophoresis, expression and purification of proteins, synthesis of DNA libraries, ELISA tests, and the Western blot will be investigated.
In our opinion, it is still worth optimising the conditions for the degradation of nucleic acids with the use of PinNuc to lower the reaction temperature. The extremely low living temperature of the P. ingrahamii host gives the basis for the possibility of elaboration of reaction conditions enabling efficient and fast degradation of DNA and RNA at lower temperatures, preferably below 10 °C. The prospects of such discovery would be very attractive for future industrial application of our enzyme.
